Swainsonine, an inhibitor of glycoprotein processing, inhibits the formation of the normal oligosaccharide chain of the G protein of vesicular stomatitis virus. Thus, when vesicular stomatitis virus was grown in baby hamster kidney cells in the presence of swainsonine (15 to 500 ng/ml) and labeled with [2-3H]mannose, the oligosaccharide portion of the G protein was completely susceptible to the action of endoglucosaminidase H. However, the normal viral glycoprotein is not susceptible to this enzyme. Various enzymatic treatments and methylation studies of the mannose-labeled oligosaccharides suggest that swainsonine causes the formation of a hybrid-type oligosaccharide having an oligomannosyl core (Man5GlcNAc2-Asn) characteristic of neutral oligosaccharides plus the branch structure (NeuNAc-Gal-GlcNAc) characteristic of the complex oligosaccharides. A structure for this hybrid oligosaccharide is proposed. Swainsonine had no effect on the incorporation of [ 4C]leucine into viral proteins, nor did it change the number of PFU produced in these cultures. It did, however, slightly decrease the incorporation of [3H]glucosamine and increase the incorporation of [3H]mannose.
Swainsonine, an inhibitor of glycoprotein processing, inhibits the formation of the normal oligosaccharide chain of the G protein of vesicular stomatitis virus. Thus, when vesicular stomatitis virus was grown in baby hamster kidney cells in the presence of swainsonine (15 to 500 ng/ml) and labeled with [2-3H] mannose, the oligosaccharide portion of the G protein was completely susceptible to the action of endoglucosaminidase H. However, the normal viral glycoprotein is not susceptible to this enzyme. Various enzymatic treatments and methylation studies of the mannose-labeled oligosaccharides suggest that swainsonine causes the formation of a hybrid-type oligosaccharide having an oligomannosyl core (Man5GlcNAc2-Asn) characteristic of neutral oligosaccharides plus the branch structure (NeuNAc-Gal-GlcNAc) characteristic of the complex oligosaccharides. A structure for this hybrid oligosaccharide is proposed. Swainsonine had no effect on the incorporation of [ 4C]leucine into viral proteins, nor did it change the number of PFU produced in these cultures. It did, however, slightly decrease the incorporation of [3H] glucosamine and increase the incorporation of [3H]mannose.
Vesicular stomatitis virus raised in the presence of swainsonine bound much more tightly to columns of concanavalin A-Sepharose than did control virus. Swainsonine had to be added within the first 4 or 5 h of virus infection to be effective. Thus, when 100 ng of the alkaloid per ml was added at any time within the first 3 h of infection, essentially all of the glycoprotein was susceptible to digestion by endoglucosaminidase H. However, when swainsonine was added 4 h after the start of infection, 30% of the glycopeptides became resistant to endoglucosaminidase H; at 5 h, 70% were resistant. The effect of swainsonine was reversible since removal of the alkaloid allowed the cells to form the normal complex glycoproteins. However, the time of removal was critical in terms of oligosaccharide structure.
Many mammalian cell surface glycoproteins, as well as those of enveloped viruses, have oligosaccharide chains linked to protein by means of N-acetylglucosamine (GlcNAc)-asparagine bonds (21) . These oligosaccharides may be either of the high-mannose or the complex type. In both cases, the oligosaccharide contains a pentasaccharide core region composed of a branched trimannose structure linked to an N,N-diacetylchitobiose which in turn is linked to the asparagine residue of the protein. In the high-mannose oligosaccharides, this pentasaccharide core may contain as many as six additional a-linked mannose residues, whereas in the complex chains, the pentasaccharide is lengthened by the addition of the sugars GlcNAc, galactose, and sialic acid. Fucose residues may also be in these complex chains.
The biosynthesis of the high-mannose and complex types of oligosaccharides initially involves a series of membrane-bound reactions whereby the sugars GlcNAc, mannose, and glucose are transferred from their sugar nucleotide derivatives to the lipid carrier, dolichyl-phosphate, to form the large oligosaccharide-lipid, Glc3MangGlcNAc2-pyrophosphoryl-dolichol (6, 35) . This oligosaccharide is then transferred to the polypeptide chain, probably before the polypeptide chain has been completed (3, 4, 20, 23, 31) . After transfer to protein, the oligosaccharide undergoes a series of processing or trimming reactions which appear to begin in the endoplasmic reticulum and continue as the protein is transported through the Golgi apparatus (9, 14) . Evidence for the trimming of the G protein of vesicular stomatitis virus (VSV) was demonstrated in vivo in HeLa and BHK cells (17) . These trimming reactions result in the rapid removal of all three glucose residues by membrane-bound glucosidases to give a glycoprotein having a Man9GlcNAc2 structure (29, 40) . This structure may be the immediate precursor to the high-mannose glycoprotein, or it may be further processed to form the complex types of glycoproteins (16) . In the latter case, four mannose residues are excised from the Man9GlcNAc2-protein, probably in the Golgi apparatus (12, 22, 26, 37, 39) . A GlcNAc is then added to the Man5-GlcNAc2-protein, and this is followed by the removal of two more mannose residues by another mannosidase (25, 36, 39) . Finally, the sugars GlcNAc, galactose, and sialic acid are added sequentially to form the trisaccharide structures, sialic acid-galactose-GlcNAc linked to the pentasaccharide core (1, 33) . Fucose may also be added at this stage.
Recently, we described some preliminary studies with an inhibitor of glycoprotein processing called swainsonine. This compound is an indolizidine alkaloid that was first isolated from the Australian plant, Swainsona canescens (2) . Animals that eat this plant develop symptoms analogous to those of human a-mannosidosis, and swainsonine was shown to be a potent inhibitor of lysosomal a-mannosidase (5) . In cultured MDCK cells (7) or in influenza virusinfected MDCK cells (8) , swainsonine prevented the normal formation of complex glycoproteins and gave rise to oligosaccharide structures that were completely susceptible to cleavage by endoglucosaminidase H. Recent studies by Tulsiani et al. showed that swainsonine inhibited mannosidase II that removes a(1 --3)-and a(1 --6)-linked mannoses from the GlcNAc-Man5-GlcNAc2-protein, but had no effect on the mannosidases that trim the a(1 --2)-linked mannose units (39) .
In this report, we describe studies on the effect of swainsonine on the synthesis and processing of the G protein of VSV. This virus is an excellent model for studies on glycoprotein synthesis since infected cells produce predominantly viral proteins, whereas host protein synthesis is inhibited (24) . Thus, one can study the synthesis from initiation to completion of the VSV G protein, a glycoprotein that has been shown to have two oligosaccharide chains of the complex type (10, 28) . As shown in this paper, growth of VSV in the presence of swainsonine resulted in the formation of oligosaccharide chains that were completely susceptible to the action of endoglucosaminidase H. The chemical characterization of these oligosaccharides indicated that they were hybrid structures having both high-mannose and complex chains.
MATERIALS AND METHODS
Materials. [2-3H] mannose (10 Label was added 3 h after virus (3 h postinfection) and allowed to remain with the cells during the course of virus production.
Purification of virus. Cells were allowed to incubate for 16 to 20 h to produce mature virus. The medium containing virus and cells was centrifuged at 3,000 rpm for 10 min at 4°C to remove cells and cell debris. The supernatant liquid from this centrifugation was subjected to sucrose density gradient centrifugation to obtain the virus (19) . Thus, 5 ml of the supernatant fluid was layered onto 3 ml of 60%o sucrose and 4 ml of 25% sucrose in phosphate-buffered saline. The interphases were separated at 100,000 x g for 90 min at 4°C. VSV which sediments at 60%o and 25% interphases was recovered by precipitation with 5% trichloroacetic acid. The precipitate was collected by centrifugation at 5,000 rpm for 10 
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After an incubation of 72 h at 37°C, the pronase was inactivated by heating at 100°C for 10 min.
Chromatographic methods. Glycopeptides obtained by pronase digestion of VSV were separated on columns of Bio-Gel P-4 (1.5 by 100 cm, 100-200 mesh). The columns were equilibrated and run in 0.15% acetic acid. A sample of each fraction was removed for the determination of radioactivity. Peak fractions were pooled and used in further experiments. Glycopeptides were treated with various glycosidases (see below), and the products of these digestions were rechromatographed on the Bio-Gel P-4 column.
Glycosidase digestions. All incubations were done under a toluene atmosphere at 37°C for various periods of time. Endoglucosaminidase H digestion was performed in 150 mM citrate-phosphate buffer at pH 6.0 in a total volume of 0.2 ml; 10 mU of enzyme was added initially, and then 10 mU of enzyme was added every 24 h. The total incubation time was 72 h. Digestions with endoglucosaminidase D were done in the same way, except that the pH was 6.5. For treatment with amannosidase, 2 U of enzyme was added to 0.1 ml of sample in 100 mM sodium acetate buffer (pH 4.5) containing 0.4 mM ZnC12. After 24 h, an additional 2 U of a-mannosidase was added. Neuraminidase digestions were performed with 0.5 U of enzyme in 100 mM sodium acetate buffer (pH 5.2). Incubations were for 24 h. P-N-Acetylhexosaminidase treatments utilized 25 mU of enzyme in sodium citrate buffer (pH 5.5) in a final volume of 0.1 ml and an incubation time of 24 h. For treatment with ,B-galactosidase, 0.5 U of enzyme was added to the sample in 100 mM sodium acetate buffer (pH 4.5) in a final volume of 0.1 ml. After 24 h of incubation, an additional 0.5 U of enzyme was added, and samples were incubated for an additional 24 h.
Determination of PFU. After the centrifugation of the medium at 3,000 rpm to remove cells and cell debris, the supernatant liquid was assayed to determine the number of infective units and to determine whether the addition of swainsonine had any effect of infectivity. Appropriate (19) . Usually titers were determined within 12 to 16 h of collection.
Methylation analysis. Methylation of the oligosaccharide was performed as described by Hakamori (15) and as modified by Sanford and Conrad (32) . The lyophilized samples were dissolved in 2 ml of dimethyl sulfoxide under N2 and sonicated with methylsulfinylcarbanion at 50°C for 5 h. The mixture was chilled and 2 ml of CH3I was added. The sample was again sonicated for 2 h at 4°C, and another addition of 2 ml of CH3I was made after 1 h. After standing at room temperature overnight, the sample was passed through a column of Sephadex LH-20, equilibrated, and run in 80%o methanol to remove dimethyl sulfoxide, methylsulfinylcarbanion, and other salts. The eluate from the column was hydrolyzed in 2 N H2SO4 in sealed tubes at 100°C for 4 h. After neutralization with Ba(OH)2 or by passage through Dowex-1-formate, the methylated sugars were analyzed by thin-layer chromatography.
RESULTS AND DISCUSSION Effect of swainsonine on the incorporation of isotopes and the formation of infective particles. Baby hamster kidney cells were grown to confluency, and the cultures were infected with VSV. After 1 h, various concentrations of swainsonine were added to the infected cells, and they were allowed to incubate for 2 or 3 h for the inhibitor to take effect. At the end of this time, either [U-14C]leucine, [6-3H] glucosamine, or [2-3H]mannose was added, and the cultures were incubated for an additional 16 to 20 h to allow the formation of mature virus. The virus was isolated by sucrose density gradient centrifugation and examined for infectivity and radioactivity. Figure 1 presents [SWAINSONINE] pglml tained at various swainsonine concentrations (from 0 to 500 ng/ml). It was difficult to resolve the glycopeptides from control and swainsonineinhibited cells on these columns, since they emerged near the void volume of the column. Therefore, the entire glycopeptide peak from each incubation was pooled, digested with endoglucosaminidase H, and rechromatographed on the same Bio-Gel P-4 column (Fig. 2) . This enzyme cleaves the glycosidic bond between the two internal GlcNAc residues of high-mannose glycopeptides, but does not act on the complex types of glycopeptides (38, 41) .
In the control virus (no swainsonine), none of the glycopeptide was susceptible to endoglucosaminidase H, as evidenced by the fact that the migration did not change after incubation with the enzyme (Fig. 2) . This evidence is suggestive that these glycoproteins are of the complex type.
However, when the virus was grown in the presence of swainsonine, most or all of the glycopeptide was susceptible to enzymatic digestion. Thus, even at 5 ng of swainsonine per ml, 70% of the glycopeptide became susceptible to endoglucosaminidase H, whereas at higher alkaloid concentrations almost all of the glycopeptide was cleaved by this enzyme. The smaller radioactive peak emerging at fractions 30 to 34 after digestion with endoglucosaminidase H is probably the GlcNAc-peptide that is cleaved from the glycopeptide. Similar changes in oligosaccharide structure were also produced by swainsonine when VSV-infected cells were labeled with [2-3H]mannose.
Effect of time of addition of swainsonine on oligosaccharide changes. Since swainsonine caused a shift in the glycopeptides from resistance to sensitivity to endoglucosaminidase H, it was of interest to determine when this inhibitor had to be added to infected cells to observe this effect. Thus, confluent monolayers were infected with VSV, and [3H]glucosamine was added 1 h later. Swainsonine (100 ng/ml) was then added either at the same time as the glucosamine (i.e., 1 h postinfection) or at various times during the incubation (up to 8 h). The isolated virus particles were digested with pronase and chromatographed on Bio-Gel P-4, and the pooled glycopeptides-were digested with endoglucosaminidase H. These digests were rechromatographed on the Bio-Gel P-4 column. In Fig. 3 , the radioactivity in the pronase-released glycopeptides and that in the glycopeptides susceptible to endoglucosaminidase H are plotted as a function of time of addition of swainsonine to the cells. When swainsonine was added at any time within the first 3 h of infection, 85% of the glycopeptides could be digested by endoglucosaminidase H and only about 15% were resistant to this enzyme (Fig. 3) strate that the inhibition by swainsonine can be reversed as long as the alkaloid is removed from the medium within the first 2 to 4 h of virus infection. Effect of swainsonine on the binding of VSV to concanavalin A. Since the growth of VSV in swainsonine resulted in a loss of resistance to endoglucosaminidase H, it was of interest to determine the effect of this alkaloid on other properties of the virus, such as its ability to bind to columns of concanavalin A. Thus, VSV was grown in the presence of various amounts of swainsonine, and the virus particles were labeled by growth in [2-3H] mannose. The mature virus was digested with pronase, and the glycopeptides were tested for their susceptibility to endoglucosaminidase H and also for their ability to bind to columns of concanavalin A-agarose. Thus, the pronase-released glycopeptides were applied to columns of concanavalin A, and the buffer wash of these columns was measured for radioactivity. The columns were then eluted with 100 mM a-methylmannoside. Figure 4 shows that the amount of radioactivity binding to the concanavalin A columns increased with increasing amounts of swainsonine in the growth medium. Thus, at 15 to 25 ng of alkaloid per ml, 80 to 90% of the total radioactivity bound to the columns and was not removed in the wash. The curve of concanavalin A binding followed very closely that of susceptibility to endoglucosaminidase H, suggesting that the alterations in oligosaccharide structure caused by swainsonine affected both of these parameters. The radioactivity that bound to concanavalin A could be eluted with 100 mM a-methylmannoside or with a gradient as indicated below. These studies suggest that swainsonine causes the formation of a partial high-mannose or hybrid structure.
Partial characterization of the endoglucosaminidase H-sensitive oligosaccharide formed in the presence of swainsonine. The glycopeptides obtained from normal VSV (i.e., control) and from VSV grown in the presence of swainsonine (100 ng/ml) were compared for their ability to bind to columns of concanavalin A-agarose (Fig. 5) . Glycopeptides were applied to the columns; the columns were washed well with buffer and then eluted with a gradient (0 to 75 mM) of amethylmannoside. The lower profile shows that about 65% of the radioactive glycopeptides in the control virus did not bind to concanavalin A and were eluted in the wash. These glycopeptides are probably triantennary complex structures. However, about 30 to 35% of the radioactivity did bind to concanavalin A and was eluted at 20 to 25 mM a-methylmannoside. These structures are probably biantennary complex chains that bind weakly to concanavalin A. On the other hand, in the glycopeptide from swainsonine-grown virus, almost all of the radioactivity bound to the concanavalin A columns and required 35 to 40 mM a-methylmannoside for elution. These data suggest that this glycopeptide contains some high-mannose structure and perhaps has one or more terminal mannose residues.
The glycopeptide from swainsonine-grown virus was isolated by gel filtration on Bio-Gel P-4, treated with endoglucosaminidase H, and rechromatographed on the Bio-Gel P-4 column. Glc3Man9GlcNAc. Thus, the binding to concanavalin A, the susceptibility to endoglucosaminidase H, and the elution position on Bio-Gel P-4 all suggest a hybrid-type oligosaccharide with a high-mannose chain on one branch and one or two complex chains on the other branch. A hybrid type of oligosaccharide was recently isolated from Rous sarcoma virus by Hunt and Wright (18) . Partial characterization of this oligosaccharide suggested a structure somewhat analogous to the one reported here.
The purified oligosaccharide was subjected to a series of sequential enzymatic digestions (Fig.  6) . After each treatment, the oligosaccharide was rechromatographed on Bio-Gel P-4. Thus, treatment of the oligosaccharide with neuraminidase or with mild acid (0.1 N HCl, 80°C, 60 min) caused a considerable shift in the migration on Bio-Gel P-4 to a slower-moving species, indicating the loss of two or three hexose residues, which on this column is equivalent to the loss of one sialic acid. Thus, the oligosaccharide appears to contain one sialic acid residue. Subsequent digestion with 3-galactosidase caused an-
other shift in migration on Bio-Gel P-4 which was approximately equivalent to the loss of 1.5 to 2 hexose units, suggesting the removal of 1 or 2 galactose units. When the asialo-agalacto-oligosaccharide was treated with P-N-acetylhexosaminidase, its migration was shifted to a new, slower moving species whose migration was slightly behind that of standard Man5GlcNAc. This new migration suggested the loss of three or four hexose residues, which would suggest the removal of one or two GlcNAc residues. There was no loss of GlcNAc residues when the asialooligosaccharide was treated with the P-N-acetylhexosaminidase before P-galactosidase. Finally, after treatment with neuraminidase, 3-galactosidase, and ,-N-acetylhexosaminidase, the oligosaccharide was treated with a-mannosidase (Fig. 6 ). This final treatment gave rise to a major peak migrating in the mannose area as well as a small peak of radioactivity eluting in the area expected for a Man-GlcNAc disaccharide. A radioactive peak was also observed close to the original oligosaccharide. This may represent undigested material or another structure which is resistant to this treatment. However, the amount of radioactivity in this peak was too low for further analysis. 
The ratio of hexose to sialic acid in the normal VSV glycopeptide was compared with that in the swainsonine-induced oligosaccharide by using colorimetric methods. Thus, in normal VSV, the ratio of hexose, as measured by the anthrone method (with a mannose standard), to sialic acid, as measured by the thiobarbituric acid method, was 1.9:1.0, whereas the ratio in the swainsonine-induced oligosaccharide was 5.7:1.
The endoglucosaminidase H-released oligosaccharide labeled with [2-3H]mannose was subjected to complete methylation; after strong acid hydrolysis, the methylated sugars were examined by thin-layer chromatography. The plates were cut into 1-cm sections and counted in the scintillation counter. The radioactive tracing of this plate is shown in Fig. 7 . The two major radioactive peaks corresponded to the standards 2,3,4,6-tetramethylmannose and 2,4-dimethylmannose, and these were present in approximately equal amounts (the actual ratio of dimethylmannose to tetramethylmannose was 1.3:1). The only other major radioactive peak was that corresponding to 3,4,6-trimethylmannose, and the ratio of this peak to the tetramethylmannose was 0.5:1.0. The complex chain on the 3-linked mannose has been reported to be linked in a GlcNAC 1-*2 mannose bond (28) .
The data presented above suggested that the oligosaccharide produced in the presence of swainsonine is a hybrid structure. Figure 8 presents one possible structure, but based on the size of the oligosaccharide on Bio-Gel P-4 and the possible release of two galactose and one or two GlcNAc residues, the oligosaccharide may have two complex chains in addition to the highmannose structure. The absolute location of the complex chain(s) is not known, but one chain is probably attached to the 3-linked mannose. The results described here indicate that some processing can occur even though all of the mannose residues have not been removed by the processing a-mannosidases.
It is interesting to note that Etchison et al. (11) showed that the carbohydrate composition of the VSV G protein could be altered by growth in different cell lines. Thus, four different teratocarcinoma cell lines were used in that study. The viral glycopeptides from virus grown in the different cells were approximately the same size, but differed in their susceptibility to endoglucosaminidase H and exoglycosidases. Their studies indicate that the oligosaccharide structure of the G protein can be altered under various conditions, and that these alterations do not affect viral infectivity. In the experiments described here, we found that virus particles raised in the presence of swainsonine were as infective as those from normal cells. This suggests that the normal triantennary complex chains are not essential for biological activity.
On the other hand, Gibson et al. (13) studied the effect of glycosylation on the VSV G protein by using various temperature-sensitive mutants. They found that the nonglycosylated form of G, synthesized in cells treated with tunicamycin, displayed a temperature-sensitive behavior in its maturation to the cell surface. Analysis of the defect at the elevated temperature showed that the nonglycosylated G molecule undergoes aggregation in the endoplasmic reticulum membrane. Apparently, G molecules that differ in their primary sequence have different requirements for glycosylation to reach the cell surface and be incorporated into viral particles. In fact, whenever the nonglycosylated G does mature to the surface (i.e., in certain mutants and at permissive temperatures), it is incorporated normally into virus particles, and these viruses have normal specific infectivity.
